AbstractVMost computational human phantoms are static, representing a standing individual. There are, however, cases when these phantoms fail to represent accurately the detailed effects on dose that result from considering varying human posture and even whole sequences of motion. In this study, the feasibility of a dynamic and deformable phantom is demonstrated with the development of the Computational Human for Animated Dosimetry (CHAD) phantom. Based on modifications to the limb structure of the previously developed RPI Adult Male, CHAD's posture is adjustable using an optical motion capture system that records real-life human movement. To demonstrate its ability to produce dose results that reflect the changes brought about by posture-deformation, CHAD is employed to perform a dose-reconstruction analysis of the 1997 Sarov criticality accident, and a simulated total body dose of 13.3 Gy is observed, with the total body dose rate dropping from 1.4 Gy s j1 to 0.25 Gy s j1 over the first 4 s of retreat time. Additionally, dose measurements are calculated for individual organs and body regions, including a 36.8-Gy dose to the breast tissue, a 3.8-Gy dose to the bladder, and a 31.1-Gy dose to the thyroid, as well as the changes in dose rates for the individual organs over the course of the accident sequence. Comparison of results obtained using CHAD in an animated dosimetry simulation with reported information on dose and the medical outcome of the case shows that the consideration of posture and movement in dosimetry simulation allows for more detailed and precise analysis of dosimetry information, consideration of the evolution of the dose profile over time in the course of a given scenario, and a better understanding of the physiological impacts of radiation exposure for a given set of circumstances. Health Phys. 106(5):571Y582; 2014
INTRODUCTION
FOR DECADES, efforts have been made to develop computerized models of the human body for radiation dosimetry purposes (Xu and Eckerman 2009) . In recent years, new techniques in phantom geometry definition have permitted models that can be deformed to adjust size, weight, and even posture Ding et al. 2012; Han et al. 2010) . If information on posture and human movement can be reliably acquired, the accuracy of organ dose from radiation dosimetry simulations can be improved. Ignoring posture and position typically results in only gross, location-based information, leading to potential errors (Ding et al. 2009; Xi et al. 2009 ). Simple postures may be easily modeled directly, but realistic complex motion is more easily modeled from a physical reference. To this end, in this study, motion capture technology has been employed to gather real-life data on position and movement (a supplemental digital content video demonstrating the techniques discussed throughout this article and the results of the dose-reconstruction simulation performed is located at http://links.lww.com/HP/A37).
Computational radiation dosimetry is typically performed with human phantoms paired with Monte Carlo software to simulate radiation transport throughout the body. These phantoms have evolved from ''stylized'' phantoms with simplified organ geometries (Snyder et al. 1969) , to ''voxel'' phantoms with anatomically realistic geometries providing more rigorous dosimetric accuracy (Zaidi and Xu 2007) , to boundary-representation-based (BREP) phantoms with tissue geometries defined by either geometric meshes or surface equations, which permits relatively simple deformation of organ and tissue boundaries (Xu and Eckerman 2009) . However, most computational human phantoms available to date are designed to represent an erect individual, either in a standing or prone position. Research began to emerge in the early 2000s regarding phantoms that could be used to consider changes in body posture and limb positioning that affect how the organs are exposed to radiation sources. Early efforts in the development of posture-deformable phantoms, such as PIMAL (Mathematical Phantom with Moving Arms and Legs), entailed the use of stylized phantom models with movable arms and legs (Akkurt and Eckerman 2007) . However, the oversimplification of body geometries in stylized phantoms is known to lead to potential dosimetric inaccuracies (Xu et al. 2000) .
Realistic posture-deformable human phantom models became achievable with the implementation of BREP (Boundary Representation) phantoms. The deformation of tissue geometries in BREP phantoms in limbs can be finely tuned at the mesh structure level, allowing for rotation of rigid bone structures and a subsequent reconguration of subcutaneous soft tissues to realistically reflect the displacement of these tissues. This was demonstrated in a study that produced posture-deformed versions of the RPI Adult Male and Adult Female phantoms to simulate individuals walking on or sitting above ground contaminated with radioactive materials (Han et al. 2010; Su et al. 2012) . However, defining a posture for these phantoms relied on manually deforming the mesh-based geometry to match with presumed body motions while preserving organ volumes and masses. This is a time-consuming process, which makes this technique impractical for performing animated dosimetry simulations that involve a wide range of posture changes in a given sequence of motion.
In this study, the authors establish the technique of ''animated dosimetry,'' which refers to simulations that recognize changes in posture, environmental parameters, and radiation source configurations occurring in discrete time steps (much like a stop motion animated film). The differential dose rate for each time step (each frame in the film) can be calculated, and the results from a sequence of simulations can then be integrated to obtain measurements of the total dose over a sequence of motion. In particular, such simulation techniques could be applied to dose reconstruction for accidents that involve relatively high levels of radiation exposure or for predicting radiation exposure to improve training of workers using virtual-reality tools.
To date, there is no report on how to adopt live-person posture information in dose calculations. This paper describes the application of motion capture technology in the development of a posture-changeable phantom with limbs that can be reconfigured easily and quickly in order to match demonstrated postures in a sequence of motion. To demonstrate this technique, the phantom is used to reconstruct doses for the 1997 criticality accident that took place at the Sarov Nuclear Center in the Russian Federation (IAEA 2001; LANL 2000) . The movement of a worker involved directly in the accident was recreated and recorded using an optical motion-capture system to guide the postures of the model. While the primary purpose of this paper is to illustrate the techniques of animated dosimetry using this accident scenario, dose information produced in the simulations is compared to information available in the literature (LANL 2000) to assess the validity of the techniques.
MATERIALS AND METHODS

Motion-capture hardware and software considerations
The concept of computerized optical tracking of motion (i.e., ''motion-capture'') has been discussed since the mid-1970s (Woltring 1974) and came into practical use by the mid-to-late 1980s. The technique has been used for such diverse applications as providing feedback to athletes such as golfers to analyze and optimize performance (Cramblitt 1989) , guiding the animation of computer generated figures in entertainment (Bregler 2007; Geigel and Schweppe 2011) , programming gestures for humanoid robots (Kim et al. 2006) , and developing training/practice tools for dance performance (Chan et al. 2011) . It has also found application in medical and biology fields for purposes such as identification of pathological motion trends that may arise from disease, disorder, or injury (Mü ndermann et al. 2006) , and optimization of treatment targeting for radiation therapy by tracking patient breathing (Baroni et al. 2004) .
Optical motion-capture techniques, incorporating specialized cameras paired with reflective markers to track particular reference points on a body in motion, are generally considered to be the fastest and most accurate of present-day motion capture techniques (Vlasic et al. 2007 ). In these systems, markers are placed at particular Fig. 1 . Schematic of a two-camera point location scheme. When two cameras are able to visualize the same point, the geometric intersection of two rays, each extending from the calibrated location of a respective camera in the direction toward the point being visualized, will be located at the position of that point.
positions on the body of a subject to provide reference points for the orientation, location, and movement of a given segment of the body (Herda et al. 2000) . At least two cameras are required to determine the location of a given point, as depicted in Fig. 1 . In practice, however, more than two cameras are used in a system to accommodate the occlusion of markers by objects within the capture volume (i.e., a marker on the body being blocked from the view of a camera by the body itself, such as one leg moving in front of the other) and to provide adequate reference points for calibrating the multi-camera system (Svoboda et al. 2005) .
For this study, an optical motion capture platform (depicted in Fig. 2 ) , including a 12-camera OptiTrack hardware/software/accessory suite developed by NaturalPoint, Inc. (3658 Southwest Deschutes St., Corvallis, OR 97333; http://www.naturalpoint.com), was implemented to acquire movement data. The data were analyzed using the suite's software ARENA (Version 1.7.3) to translate marker location information into a three-dimensional (3-D) point cloud representation, which is interpreted to determine the position and orientation of limb segments for a human skeleton model.
Computational Human for Animated Dosimetry (CHAD) phantom
To permit the expedient modeling of a realistic sequence of motion for dosimetry simulations, a new phantom, the Computational Human for Animated Dosimetry (CHAD) phantom, has been developed. CHAD was designed by modifying the RPI Adult Male (RPI-AM) phantom ). Modifications entailed restructuring of the limbs into jointed segments that can be rotated, allowing for reposturing through simple transformations that can be performed in less time than would be required for deformation at the fine mesh level. As shown in Fig. 3 , the arrangement of joints that were added to the model reflects the posture information provided by the ARENA motion capture software. ARENA uses 34 markers at strategic locations on the body to Fig. 2. An array of 12 motion-capture cameras was implemented in this study (upper-left) . Each of these S520e cameras (upper-right) contains an array of 96 infrared LEDs and a lens for precise point tracking. Data was processed using the ARENA software. In this software, point cloud data is used to determine the position and orientation of limb segments for a human skeleton model (bottom). generate a skeletal posture around 16 joint locations. For the purposes of this study, the CHAD design incorporated 12 of these 16 joints. Joints on the neck and torso were not considered due to their minor impact on posture and significant interference with the geometries of vital organs important for dosimetry considerations.
The modifications to the RPI-AM phantom were performed at the mesh level using Rhinoceros CAD software (http://www.rhino3d.com). Spherical or hemispherical segments were created at the shoulders, elbows, wrists, hips, knees, and ankles of the phantom model to create the joints for movement. These joint segments were positioned such that the geometric center of the spherical surface (which is used as the center of rotation for limb repositioning) was located at the anatomical center of rotation for a given joint. The sizes of these joint segments were designed such that the phantom model achieved a full range of motion without significant tissue collision or overlap, guaranteeing the preservation of organ volumes/ masses throughout posture deformation.
After the original tissue meshes were segmented, the tissues in the limbs were restructured to prevent internal tissues (particularly red bone marrow) from being exposed unrealistically to external radiation sources under alternate limb positions. To achieve this, tissues were converted to concentric spheres in the joint segments and concentric cylinders in the necessary limb segments. Original tissue geometries in the forearms, lower legs, hands, and feet were preserved, as these internal tissues would continue to be shielded adequately from external exposure throughout all ranges of motion. All original geometries in the head, neck, torso, and pelvis region (including geometries for all vital internal organs) were preserved as well. In the modifications to the original RPI-AM phantom, care was taken to ensure that the original tissue volumes, as specified by the ICRP (1995), were preserved. The only exception to this was the skin and the residual tissue in the vicinity of the joints, whose volumes were slightly increased in the process of creating the spherical joint segments. Increases in tissue volume were accounted for by a decrease in tissue density for these two organs in the model, keeping constant the optical thickness of tissue that radiation would encounter in the simulations. Fig. 3 shows the resulting tissue geometries for CHAD after all modifications were performed on the original RPI-AM geometries.
With the CHAD phantom, the position of joint and limb segments can be adjusted to create models for each new posture in a given sequence of motion for an animated dosimetry simulation. For demonstration in this study, transformations were performed manually in the Rhinoceros CAD platform, as depicted in Fig. 4 . For each frame in the animated dosimetry simulation, CHAD was transformed to a new posture and the mesh tissue geometries converted to a 4-mm uniform voxel lattice for use with the MCNPX (Monte Carlo N-Particle eXtended) radiation transport code (Pelowitz 2008 ) using in-house software utilities.
The 1997 criticality accident at Sarov
To demonstrate the applicability of the CHAD phantom for use in a full-fledged animated dosimetry simulation, a dose-reconstruction simulation of the 1997 criticality accident at the Sarov Nuclear Center in the Russian Federation was performed to include the worker's position and subsequent movement through the course of the accident. This accident, discussed in detail in the literature, resulted in a criticality excursion that led to the severe exposure of a technician performing an experiment alone and his eventual death less than three days later (IAEA 2001; LANL 2000) .
On the morning of the accident, the technician involved was recreating a previously performed criticality experiment involving a spherical uranium core 16.7 cm in diameter with a 2.8-cm-diameter hollow center containing a neutron source. This core was to be surrounded by a spherical reflector shell that was supposed to be 20.6 cm in outer diameter; however, the technician had accidentally misread the ''0'' written in the logbook he was using to be a ''6,'' leading the shell to have an extra three centimeters in thickness. The apparatus, depicted in Fig. 5 (LANL  2000) , was designed to be operated remotely with the lower half of the assembly raised toward the upper half by a hydraulic lift until the two halves made contact and criticality was achieved. Unfortunately, while constructing the upper half of the reflector for the assembly, the innermost 0.8-cm-thick section of the upper half of the shell fell prematurely onto the overly-reflected lower half of the assembly, resulting in a criticality excursion with an initial prompt-critical burst that was on the order of 10 16 fissions, followed by a continued critical reaction on the order of 10 15 fissions s j1 that lasted for a number of minutes. The technician recognized immediately that a criticality accident had occurred and promptly left the room. A depiction of the posture of the technician at the moment of the accident's initiation is shown in Fig. 6 (IAEA 2001) . The victim experienced nausea; elevated blood pressure; Fig. 4 . To perform a rotational transformation for a limb segment, 1) the limb begins in its initial position; 2) the limb segments to be transformed are selected, along with a point of rotation corresponding to the connected joint and a primary reference vector for rotation; 3) the secondary reference vector is selected; and 4) the limb segment is transformed (rotated) to its new orientation.
swelling, and edema that spread from the hands to the face, chest, and intestines; and a decrease in neural conductivity. He ultimately succumbed to heart failure about 66.5 h after initial radiation exposure.
Neutron kerma and photon absorbed dose to the victim were estimated from measurements taken following the accident and in post-mortem investigations. Neutron kerma was estimated primarily based on measurements of sodium or sulfur activation in the victim's body hair, and photon dose was estimated primarily based on measurements of electron spin resonance (ESR) in the victim's bone and tooth enamel. Local neutron and photon doses were reported, and an average whole-body dose was estimated to be 14 T 4 Gy. Bone marrow dose estimates were also made following autopsy, which included estimates of at least 15 Gy to the sternum, between 10Y15 Gy to the left anterior iliac crest, between 6Y7 Gy to the right posterior iliac crest, and about 6 Gy to the fourth thoracic vertebra (IAEA 2001).
Dose-reconstruction simulation of the Sarov criticality accident
Motion-capture data was acquired with an actor mimicking the postulated motions of the technician from the initial accident posture and subsequent retreat from the assembly, as described in reported information on the Sarov criticality accident (IAEA 2001) . The initial pose of the actor replicated that shown in Fig. 6 . This pose and the subsequent motion of the actor are shown in Fig. 7 as eight time step frames at 0.5-s intervals, as selected from the motion sequence of the actor portraying the technician turning from the experiment and walking away.
The critical assembly was modeled explicitly in MCNPX from the published information. The fission neutron and prompt gamma sources were assumed to be uniformly distributed in the assembly. The neutron energy distribution was from a 1-MeV fast fission Watt Spectrum built into MCNPX (LANL 2008) and had an average neutron yield per fission of 2.43. The prompt gamma energy spectrum was from the literature (Peele and Maienschein 1970) and had a prompt gamma yield per fission of 8.13. Due to the relatively short exposure time, the G1% delayed neutron and gamma contributions were ignored. (Limitations and uncertainties in these assumptions are discussed in a later section.)
For each frame of the sequence, as depicted in Fig. 7 , the CHAD phantom was adjusted to recreate the posture from the motion-capture data and then converted to the necessary MCNPX input format. Separate simulations were performed for the neutron source and the photon source in each frame, and the calculated organ doses were summed. Simulations were run considering a number of histories such that the derived organ dose had an acceptable level of statistical uncertainty (G 1% in most organs and G 5% for organs with very small volume and undergoing relatively lower exposure). Neutron doses were tallied as neutron kerma to compare with the published estimates but were also modified by ICRP-60 energydependent radiation weighting factors (ICRP 1990 ) in order to determine dose equivalent values. Finally, the doses were integrated by summing the dose from the prompt fission burst (modeled as instantaneous) with a right Riemann sum of the subsequent subprompt excursion doses over the time sequence to obtain the total accumulated dose over the course of the accident.
In addition to the calculation of individual organ doses, discrete tally volumes were defined at various locations adjacent to the phantom's skin, as depicted in Fig. 8 , to permit direct comparison with post-mortem www.health-physics.com measurements reported in the literature. Tallies of flux were made in these volumes and paired with flux-to-dose conversion factors in the MCNP manual and flux-to-kerma conversion factors available in the literature (LANL 2008; Shultis and Faw 1996) .
RESULTS AND DISCUSSION
Neutron Kerma and Photon Dose for the Sarov Criticality Accident Simulation
For the simulation of the Sarov criticality accident, results for the absorbed dose and neutron kerma measurements are shown in Fig. 9 . As discussed further in a subsequent section, the source term was normalized such that the neutron kerma to the chest matched that reported in the literature (with the small uncertainty shown in Fig. 9 ). The results for neutron kerma show good agreement between simulated kerma and the literature for measurements of neutron kerma for the chest, face, and back and relatively good agreement for the left armpit. There is some disparity between results for the other regions, particularly the right armpit, but the overall pattern across measurements is in good agreement between the simulation and literature, particularly as the simulation results confirm the asymmetry in the dose discussed in the literature (IAEA 2001) . This can be seen in the slight elevation of the kerma for the right armpit in comparison to that for the left. This asymmetry likely arose primarily from the direction in which the technician turned as he moved away from the source to leave the scene. Absorbed photon dose results for the simulation were somewhat less in agreement with those reported in the literature; however, discrepancies for these measurements is less of a concern, given that photon dose levels were about an order of magnitude below the neutron kerma levels and the Fig. 9 . Region-specific absorbed photon dose (top) and neutron kerma (bottom) measurements from the simulations performed using the CHAD phantom model compared to those reported in the literature (IAEA 2001). uncertainties arising from the use of post-mortem ESR measurements for dose estimation.
Organ dose for the Sarov criticality accident simulation
Simulated doses and dose equivalents for ICRPspecified tissues are shown in Fig. 10 and Fig. 11 , respectively. The highest doses were to the breast tissue (36.8 Gy), the skin (30.8 Gy), and the thyroid (31.1 Gy), and the pattern of the distribution follows the posture as expected throughout the exposure period.
The total body dose was calculated to be 13.3 Gy, which agrees well with the whole-body dose of È14 T 4 Gy reported in the literature (IAEA 2001) . The dose to the red bone marrow in the thoracic spine was calculated to be 7.6 Gy, which is comparable to the È6 Gy dose measurement reported in the literature. For the red bone marrow in the sternum, the dose was calculated to be 37.3 Gy, compared to the estimate of ''at least 15 Gy'' reported in the literature.
Dose results obtained in this study were comparable to those obtained by means of biological tissue sampling and reported in the literature (IAEA 2001) ; however, the use of CHAD for dosimetry simulation allowed for more precise dose estimates than could be obtained through these means.
Medical implications of simulated doses
For the whole-body dose estimates reported in the literature and simulated in this study, the medical deterioration of the technician was slower than would be predicted, but this fact can be attributed to the posture Fig. 10 . Measured dose to ICRP-specified organ groups obtained from the accident simulation incorporating the CHAD phantom model. Fig. 11 . Calculated dose equivalent to ICRP-specified organ groups obtained from the accident simulation incorporating the CHAD phantom model. assumed during the accident. According to ICRP (1990) , damage to bone marrow at a whole-body dose level of 3Y5 Gy can result in death within 30Y60 h, damage to the gastrointestinal tract and lungs at a whole-body dose level of 5Y15 Gy can result in death within about 10Y20 h, and damage to the nervous system at a whole-body dose level exceeding 15 Gy can result in death within about 1Y5 h. Given the reported and simulated whole-body dose alone, one would expect a more pronounced degree of damage to the worker's gastrointestinal tract and lungs and a more rapid deterioration resulting in death within the first day. However, from the distribution of dose equivalents shown in Fig. 11 , it can be seen that there was actually less dose to the colon and stomach than to the lungs and red bone marrow, so one might anticipate a less pronounced effect on the gastrointestinal tract in particular. This could explain in part why death occurred at a later time than might be expected otherwise.
Uncertainties and limitations
Due to uncertainty in measurements at the accident scene and uncertainty in the assumptions used in calculations for post-accident dose reconstruction, there was significant discrepancy among sources in the literature as to the estimated total emission (i.e., number of fissions) that took place in the critical assembly over the course of the accident scenario, as well as the estimated doses. To address this, certain assumptions were made regarding the source term for the critical assembly, as well as the way the series of events unfolded.
As mentioned above, the fission rates for the source were normalized in this study such that the neutron kerma measurement for the chest was in agreement with that reported in the literature, which had the least degree of uncertainty among the dose estimates reported (IAEA 2001) . Using this method and assuming a retreat time of 4 s based on the acquired motion capture data, it was determined that the initial prompt-critical burst resulted in about 3 Â 10 16 fissions, an estimate that is higher than literature estimates ranging from 4 Â 10 15 to 2 Â 10 16 fissions (IAEA 2001; LANL 2000) . The fission rate from the subsequent subprompt excursion period, as the technician left the scene, was determined to average about 8 Â 10 15 fissions per second, again higher than the literature estimate of 1 to 2 Â 10 15 fissions per second (LANL 2000) . The exact details of the technician's retreat, however, are unknown and subject to speculation (Kline 1998; LANL 2000) , so the 4-s retreat time is conjecture. Consideration of a longer exposure time and/or closer proximity would have brought the fission rates down into the literature ranges, but this detail was considered to be adequately accounted for by the normalization of dose, and the methods discussed should be sufficient for the purposes of demonstrating the techniques presented in this study.
Additionally, discrepancies in measurement results for simulations arose in this study from such factors as lack of precision in tissue sample location and the use of a uniform 1-MeV fast fission Watt distribution for neutron energy among the simulations. Furthermore, due to the proximity to the source and rapid changes in dose rate with position, a finer time resolution could further improve the accuracy and precision of simulated results, as could a more robust integration scheme. In general, the more detailed the information available about an accident sequence, the more true-to-life the motion-capture reenactment, and as a result, the higher the fidelity of the simulation. This is relevant to the discussion of whether to use surveillance cameras during experiments (Kline 1998) .
The aforementioned assumptions and the simplified integration scheme implemented, while less rigorous than those possible, were considered to be sufficient for the purposes of demonstrating the animated dosimetry techniques discussed in this study, especially given the large uncertainty in the actual fission yield for the scenario considered and the dose normalization used to overcome this. In future studies, however, especially those looking into dose-reconstruction for accident cases or other scenarios for which there is little dose information available, more rigorous analytical methodology will be required to acquire new information. In addition, it should be stressed again how important it is to obtain as detailed and accurate information as possible regarding the circumstances of a simulated scenario that is under consideration. Fig. 12 illustrates the power of using animated dosimetry techniques to characterize the time evolution of a radiation dose scenario such as the Sarov criticality accident. Trends in whole body and specific organ doses, shown in the plot, can be considered in the context of the discretized position of the person being simulated in the stop motion animation. Fig. 12 shows that complex dose responses can be simulated over time, such as the significant drop in thyroid dose compared to the relatively constant bladder dose, and the significant reduction in dose as the technician turns in profile to the source.
Implications for animated dosimetry
At this time, such simulations are computationally expensive. On an ordinary, single-core laptop computer, the voxelization requires about 20 h, while the MCNPX calculations require about 10 h, for a total computation time of about 30 h per frame. Given that the most advanced supercomputers have more than 10 7 times the processing power, consideration of approximately four frames per second is achievable today. If computing power continues to double every couple of years, in only a decade, an ordinary computer will be able to compute one frame per hour, giving way to the potential widespread application of the techniques discussed.
CONCLUSION
In performing radiation dosimetry simulations for accident scenarios, it is useful to ensure that dose calculations give results that are as accurate as possible, and this necessitates the incorporation of human movement and posture variation into such dose-reconstruction simulations in order to account for dose variations brought about by changes in body orientation and limb positioning. This study investigated the use of motion-capture technology to simulate the posturing of a human phantom undergoing a sequence of motion. For this purpose, the CHAD phantom was developed and demonstrated in an animated dose-reconstruction simulation of the 1997 Sarov criticality accident.
Analysis of the results from the accident simulation provided more precise and detailed dose information than was obtained using biological tissue sampling techniques discussed in the literature (IAEA 2001) . In general, the techniques discussed in this study allow one to obtain highprecision, true-to-life dose estimates for a simulated scenario at a level of dosimetric depth that can be fine-tuned for one's needs, whether this analysis is at the whole-body, organ-specific, or location-specific level. Such detail on organ dose distribution is difficult to obtain through physical measurement. Additionally, based on the observed variation in dose levels for different organs and an enhanced understanding of the posture assumed by an individual exposed to high levels of radiation in the course of an accident, informed conjectures can be made to explain why the dose is distributed as it is and why the medical prognosis takes form as it does. The implementation of such capabilities could prove invaluable in future studies looking into the relation of high-level radiation dose to medical analyses. Furthermore, it is noted that accident studies are often used in epidemiological studies to derive the dose-response relationships (Stovall et al. 2006) , and techniques discussed in this paper could help to further benefit these efforts.
Future work to develop the techniques will likely lead to other important applications. For example, the implementation of motion capture techniques in virtual reality dosimetry simulation could be beneficial to the emergency planning community by providing highly detailed feedback that can be used to optimize performance and minimize radiation exposure in a training environment. Applications may also extend to the wider occupational community to provide for planning and training in routine work or special exposure operations. Robots have largely replaced humans in high radiation field maintenance activities such as heat exchanger tube plugging in nuclear power plants, but many radiation field activities still result in significant human exposure, and even the robotics have a finite dose lifetime that might be better controlled with the techniques discussed applied to non-human phantoms. Other conceivable applications include dose assessment for astronauts who perform deep space missions where neutron, proton, and high-energy gamma exposures outside of the shielding of Earth's atmosphere is of particular concern. Furthermore, progress in the development of techniques for GPUaccelerated computational radiation transport simulation methods, such as reported by Xu et al. (2013) , will bring capabilities closer to enabling high-fidelity, real-time animated dosimetry simulations involving a large number of workers and postures.
